Several thiobacilli and Thermothrix thiopara were grown in chemostat culture with inorganic sulphur compounds as growth-limiting energy substrates for autotrophic growth. Thiobacillus neapolitanus, Thiobacillus thiooxidans and Thiobacillus acidophilus were all able to use thiosulphate, trithionate or tetrathionate as sole energy substrates, as was Thx. thiopara grown at 72 "C. 'True growth yields' (Y,,,) were estimated for the organisms and showed yields of T . neapolitanus to be the same on trithionate and thiosulphate, thereby suggesting that only oxidative, and not substrate-level, phosphorylation is involved in energy conservation in this organism. The yield data suggested that substrate-level phosphorylation could, however, be significant in T. acidophilus. Thiobacillus versutus only grew with thiosulphate, with which it gave yield values similar to those of T . neapolitanus and T. thiooxidans. Thx. thiopara exhibited maximum specific growth rates on thiosulphate, trithionate and tetrathionate of 0.55,0.23-0.25 and <0-06 h-I respectively. Its yields on all three were much greater than those of the thiobacilli: the Y,,, on thiosulphate was in the range 18-0-22.8 g mol-I, but the organisms contained only about 29% carbon and 48% protein. These values do, however, make Thx. thiopara the highest-yielding inorganic-sulphur-oxidizing chemolithoautotroph yet described.
INTRODUCTION
Thermothrix thiopara is an extremely thermophilic sulphur-oxidizing chemolithotroph that is capable of wholly autotrophic growth at neutral pH using thiosulphate as the sole energy source (Caldwell et al., 1976; Brannan & Caldwell, 1980) . It is thus superficially similar physiologically to thiobacilli such as Thiobacillus neapolitanus, Thiobacillus thiooxidans, Thiobacillus acidophilus and Thiobacillus cersutus. Thx. thiopara is reportedly facultatively heterotrophic (Caldwell et al., 1976; Brannan, 1981) , as are T. acidophilus and T. versutus. The range of inorganic sulphur substrates used by these five species has not previously been fully investigated. Thx. thiopara had been grown only on sulphur, sulphide or thiosulphate (Caldwell et al., 1976; Brannan, 1981) ; T . neapolitanus grows on thiosulphate, although it is known also to use trithionate and tetrathionate (Trudinger, 1964; Kelly & Syrett, 1966) ; T. versutus grows on thiosulphate (Taylor & Hoare, 1969) but cannot metabolize polythionates (Kelly & Tuovinen, 1975) ; T. acidophilus and T. thiooxidans grow on elemental sulphur but while the latter has been shown to use thiosulphate, T . acidophilus was originally reported as unable to use soluble inorganic sulphur compounds (Guay & Silver, 1975) , but was recently shown to use tetrathionate (Norris et al., 1986) .
We have sought to evaluate the ability of these organisms to use thiosulphate or polythionates as sole energy substrates in chemostat cultures growth-limited by the respective sulphur t Now the Department of Biological Sciences.
Abbreciations: p,,,,%, maximum specific growth rate; D, dilution rate; M , maintenance coefficient; q, specific rate of substrate oxidation; Y, yield ; Y,,,,,, 'true' molar growth yield; SLP, substrate level phosphorylation; TOC, total organic carbon.
compounds. We have used these cultures to obtain comparative data for calculation of true molar growth yields (Y,,,) and maintenance coefficients (m) using standard graphical procedures (Pirt, 1965 (Pirt, , 1975 . Previous such data f x thiobacilli have been discussed in relation to the energy-conserving metabolism of the bacteria (Kelly, 1982) , principally for thiosulphate as substrate. Recently, Brannan & Caldwell (1983) reported Y,,, values for autotrophic Thx. thiopara (growing in thiosulphate-limited chemostats) that were considerably greater than any previously found for other sulphur-oxidizing chemolithotrophs. The highest value found was 41.4 g dry weight of Thx. thiopara per mole of thiosulphate oxidized compared to values of 5.5-14.7 for various thiobacilli. We have reassessed the yields of Thx. thiopara on thiosulphate and measured its yields on polythionates to enable a more critical comparison with the thiobacilli.
METHODS
Organisms. Thiobacillus t'ersutus (wild-type original strain) was originally obtained from the late Dr D. S. Hoare (Taylor & Hoare, 1969) . Thiobacillus neapolitanus strain C, originally isolated by Kelly (Kelly & Syrett, 1963 , 1966 . Thiobacillusacidophilus (ATCC 27807; DSM 700) was obtained from Dr P. R. Norris; it was originally isolated by Guay & Silver (1975) . Thermothrix thiopara (University of New Mexico B-142; ATCC 33745) was obtained from Dr D. E. Caldwell, University of Saskatchewan, Canada, and originally isolated by Caldwell et al. (1976) . Thiobacillus thiooxidans (ATCC 8085) was obtained as a culture on sulphur from Dr P. R. Norris. Chemostat culture of the inorganic-sulphur-oxidizing bacteria. T . oersutus, T . neapolitanus and T . thiooxidans were grown in LH series 500 chemostat equipment using 750 ml culture volumes in one-litre capacity culture vessels (Stoke Poges, Bucks., UK). Thx. thiopara and T. acidophilus were grown in 750 ml culture volumes using specially constructed 1 litre Quickfit water-jacketed vessels. A thermocirculator was used to maintain the temperature of the cultures. All thiobacillus cultures were maintained at 30 f 1 "C, and Thx. thiopara at 65 or 72 ? 1 "C. The evaporation rates from the latter were considered to be insignificant as the output volume was no less than 94% of the input volume, a 6% error in dilution rate. Cultures were maintained at constant pH (f0.2 pH unit), by automatic titration with 2 M-Na,CO3 : T . oersutus, pH 7.8; T . neapolitanus, pH 6.8; T . acidophilus, pH 3.0; T. thiooxidans, pH 2.5; Thx. thiopara, pH 6-9. Cultures were stirred at 750 r.p.m. and aerated with 1 % (v/v) C 0 2 in air (3%, v/v, for Thx. thiopara). For all cultures, except those of T . t'ersutus, mineral salts media and inorganic sulphur substrates were separately metered into the culture vessels using Watson Marlow flow inducers. The following basal media were used to give the indicated concentration (g I-') in the culture vessels: T. oersutus -NH,CI, 0.4; MgS0,.7HI0, 0.1 ; Na2HP0,.2H20, 7.9; KH2P04, 1.5; trace metal solution (solution T, Tuovinen & Kelly, 1973), 10 ml; T . neapolitanus-NH,CI, 0.4; MgS0,. 7H20, 0.8; KH2P0,, 4.0; K,HPO,, 4.0; solution T, 10 ml; T. thiooxidans and T. acidophilus -(NH&SO,, 3.0; KH,PO,, 3.0; MgSO,. 7Hz0, 0.5; CaCI,. 2Hz0, 0.25; iron solution (2 g FeSO,. 7 H z 0 in 1 litre of 0.1 M-HCI), 2.5 ml. For Thx. thiopara the medium used was essentially the same as that of Brannan & Caldwell(l983) ; the basal salts medium contained (g I-'): NaHCO,, 2.0; NH,CI, 1.0; KNO,, 2.0; MgS0,.7Hz0, 0-5; KH2P04, 2.0; H3B03, 0.0029; and solution T ( I ml); adjusted to pH 6.8 with 0.1 M-NaOH. The input medium for T . cersutus was supplemented with 25 mtd-NazS203; the other organisms were separately supplied with Na,S20, (12-14 mM for Thx. thiopara and T . acidophilus; 25 mM for other thiobacilli), Na,S30, (10-14 mM) or K&O, (5-6 mM) for Thx. thiopara, T. neapolitanus and T. acidophilus; 9-23 mM for T . thiooxidans.
Analysis of cultures. Samples from steady-state cultures were free from precipitated sulphur, enabling absorbance at 440 nm (or 460 nm in the case of Thx. thiopara) to be used to monitor biomass: Absorbance values were converted to dry weight by reference to a calibration curve prepared for suspensions of organisms dried to constant weight at 105 "C. Pellets of organisms centrifuged from 4 ml samples were assayed for content of total organic carbon (TOC) and protein. Protein was estimated by the Lowry method after dissolving the cells in 2 ml 0.5 M-NaOH at 80 "C for 15 min. TOC was determined in aqueous suspensions of the pellets using a Beckman Total Organic Carbon Analyzer, model 905B. TOC, thiosulphate, tetrathionate and trithionate in the sample supernates were also determined. Thiosulphate and the polythionates in cultures and media samples were assayed by the procedures used by Kelly et al. (1969) .
Interpretation of'chemostat growth data. Yields ( Y ) of bacteria were estimated at various dilution rates (D) as g dry wt or g cell-carbon or g cell-protein produced per mol sulphur-substrate oxidized in steady-state conditions. These were calculated from the steady-state biomass concentration and the concentration of growth-limiting nutrient supplied. The specific rate of substrate oxidation by steady-state cultures (q) was also calculated as q = mmol substrate oxidized h-' (g dry wt of organism)-' at any given dilution rate. The maximum growth yield The concept of maintenance is a theoretical one, with units of mmol substrate oxidized h-l (g organisms)-', and is here assumed to be constant at all D values below the maximum specific growth rate (p,,,). We therefore assume that all 1 / Y versus 1/D plots are linear (see also Kuenen, 1979) and consequently have used linear regression analysis to fit best straight lines to the q versus D data.
Thiosulphare-oxidizing enzyme. This was assayed in crude cell-free extracts by the method of Justin & Kelly (1978) . Organisms were harvested by centrifuging at 25000g for 15 min at 5 "C. Cells were washed with 0.1 Mphosphate buffer, pH 7.4. recentrifuged and resuspended in 5-10 mlO.1 M-PIPES buffer, pH 7.0. The suspension was passed twice through a French pressure cell at 140 MPa, before centrifuging at 38000g for 40 min at 5 "C. Thiosulphate-oxidizing enzyme activity was assayed in a total volume of 3 ml in a 1 cm cuvette containing (mM): phosphate buffer, pH 4.5-8.5, 100; NazSzO3. 5H,O, 10; potassium ferricyanide, 1.0; crude extract, 0.01-0-10 ml. Ferricyanide reduction was measured spectrophotometrically at 420 nm. Maximum activity was at pH 4.5 and was expressed as pmol ferricyanide reduced min-' (mg protein)-'.
Chemicals. Reagents were obtained from Fisons or BDH. K,S,O, was from Fluka AG (Switzerland). Sodium trithionate was prepared as described by Wood & Kelly (1986); solutions of it were filter-sterilized (0.45 pm membrane filters) and kept in the dark during use.
R E S U L T S
Growth oj' T. uersutus, T. neapolitanus and T. thiooxidans in energj-substrate-limited chemostat culture All three of these organisms exhibited increases in the growth yield in a range of steady states at increasing dilution rates. Thus the yield of T. neapolitanus increased from 3-4g (mol thiosulphate)-l at D = 0.037 h-I to 8.6 g mo1-l at D = 0.4 h-I . Y, , , and m values were estimated graphically (see Methods) for all three organisms on various sulphur-substrates ( Fig. 1 (Table l) , as would be expected as both substrates are energetically equivalent, requiring two mols of oxygen per mol oxidized to sulphate. Treating the yield data on thiosulphate and trithionate as a common set gave a straight line q versus D relationship (Fig. 1 b) , showing a common Y, , , of 9.3 and an m value of 6.3. Analysis of T. neapolitanus organisms from three separate chemostat experiments with thiosulphate as the limiting nutrient indicated them to contain carbon and protein at 43.9 and 59% of dry weight respectively, not varying significantly over the range D = 0-035-0-3 h-l. In another chemostat experiment (D = 0.035-0-2 h-l) with trithionate as the limiting nutrient, the Y,,, in terms of cell-carbon was 4.0 g carbon per mol trithionate oxidized, indicating the carbon content of the trithionate-grown cells to be 44.9% of the dry weight.
T. uersutus could not grow on tetrathionate, but gave a Y, , , on thiosulphate similar to that of T. neapolitanus (Fig l a ; Table 1 ) although its m value was much lower.
T. thiooxidans grew on either thiosulphate or tetrathionate ( Fig. 1 ; Table l), also exhibiting a low m value and giving a similar growth yield on thiosulphate to that of T. uersutus at comparable values of D (Fig. 1) . Rather lower Y, , , values were estimated for T. thiooxidans than for T. neapolitanus on tetrathionate (Table l) , but the variation in the estimations at low dilution rates and the relative scatter of the data points for the two organisms (Fig 1 a, 6 ) justified testing them statistically as a common data set; when this was done the degree of direct correlation was very high with little statistical dichotomy of the two data sets (Fig. 16 ). Regression analysis of the common set (Fig. 16) indicated a Y, , , of 14.3 g dry wt from the q versus D plot and a value of 13.3 from the 1 / Y versus 1/D plot. The probability that the Y, , , values for the two species are actually slightly different cannot, of course, be discounted.
Growth of' T. acidophilus on trithionate, tetrathionate and thiosulphate T. acidophilus grew on all three compounds, thereby disproving the earlier claim that it could not grow on soluble sulphur compounds (Guay & Silver, 1975) . Its p,,, was less than 0.05 h-I, so the range of dilution rates possible was rather narrow. Yields were estimated in terms of dry wt and TOC content of the organisms in steady states on each substrate at one dilution rate (0.025 h-l ; Table 2 ). From a number of determinations, regardless of the energy substrate used, the bacteria had a mean carbon content of 44-8 % of the dry weight and a protein content of 62%.
In a separate experiment (D = 0.032 h-') the yield on tetrathionate was found to be 15.6 g dry wt or 7.2 g cell-carbon (mol tetrathionate oxidized)-'. Growth of' Thx. thiopara on thiosulphate, tetrathionate and trithionate Thx. thiopara produced high yields on all three substrates, but showed considerable diversity with respect to the pmaX values possible for each substrate. This was greatest for thiosulphate at about 0.55 h-l and lowest for tetrathionate at below 0.06 h-l. Washout kinetics with trithionate indicated p,,, to be about 0-23-0-25 h-I. All these data refer to the optimum temperature of 72 "C.
Growth yields of' Thermothrix and thiobacilli 1253
As with the thiobacilli, biomass production increased with increasing dilution rate at fixed substrate concentrations: thus the yield increased from 13.7 to 16.7 for thiosulphate (D = 0.25-0.4 h-l), from 13.8 to 16-3 for trithionate (0.05-0.25 h-I) and from 24.8 to 31.3 for tetrathionate (0.0264-048 h-' ).
Yields on thiosulphate and trithionate were determined in terms of organism dry weight, cellcarbon content and protein content, and are presented as q versus D plots for each parameter (Fig. 2) for organisms grown at 72°C and for cultures on thiosulphate at 65°C. Estimates from
J . MASON, D . P . K E L L Y AND A. P . WOOD
regression analyses of dry weight data alone for each substrate separately gave the Y,,, values listed in Table 1 , with a maximum value for thiosulphate of 22.8 g mol-l. In Fig. 2 the data for thiosulphate and tritflionate have been treated as three common sets and fitted by regression analysis to the'lines given. These plots indicate common Y,,, values of 16 g dry wt mol-l, 8.7 g protein mol-l and 4.4 cell-carbon mol-l respectively. These data show carbon and protein to be 27.5% and 54.4% respectively of the dry weight. These values are rather lower than are usual for bacteria, but the overall mean values for a large number of estimates from three separate chemostat experiments were 29% carbon and 48% protein. These values are reasonably internally consistent, as other bacteria with 60-70% protein contain about 45 % total carbon, suggesting that 48% protein in Thx. thiopara would indicate 30-36% carbon in the dry weight.
Thiosulphate-oxidizing enzyme in T. neapolitanus
This enzyme catalyses the conversion of thiosulphate to tetrathionate by T. neapolitanus (Trudinger, 1961 ; Kelly, 1966 ), yet its role in the sulphur oxidation pathway is obscure. It could not be detected in T. versutus but was found in T. neupolitanus grown on all three sulphur substrates. Specific activities [pmol ferricyanide reduced min-l (mg protein)-'] were ( & SE) 1.14 & 0.35, 0.92 +, 0.23 and 0.79 +_ 0.09 for organisms grown on thiosulphate (D = 0.14 h-l), trithionate (D = 0.25 h-l) and tetrathionate (D = 0.20 h-l) respectively. The enzyme thus appears to be constitutive or perhaps to have a role in the metabolism of all three substrates.
DISCUSSION
These experiments demonstrate that T. acidophilus is capable of growth on soluble inorganic sulphur compounds in common with most other thiobacilli. Similarly T. thiooxidans and T. neapolitanus have been shown for the first time to be able to grow in chemostat culture on polythionates. The inability of T. versutus to grow on tetrathionate has been confirmed. The thermophile Thx. thiopara has also been shown capable of growth on polythionates as well as thiosulphate, although a tenfold difference between pmax values on tetrathionate and trithionate was found.
It is clear from the yield data for the thiobacilli that the energy conserved from thiosulphate oxidation was similar for all four species (Tables 1 and 2 ). These yields fall in the range 7-5 f 1.5 g dry wt (mol thiosulphate)-l, which is typical of the aerobic sulphur oxidizers (Kelly, 1982) , and contrasts with the higher yields observed with T . denitrijicans (Kelly, 1982) or Thx. thiopara (Brannan & Caldwell, 1983) .
Comparing yields of thiobacilli using thiosulphate or polythionates as limiting energy substrates enables some deductions to be made about the mechanisms of energy conservation being employed by different species. Thiosulphate and trithionate both require two moles of oxygen for oxidation to sulphate, indicating that similar amounts of energy should be conserved by electron transport phosphorylation and consequently that similar growth yields would be produced. This was observed with T. neapolitanus, whose YmaX values on thiosulphate and trithionate were not significantly different. This is of considerable interest as the earlier view was that as much as 30% of the energy conserved by T. neapolitanus was by means of substratelevel phosphorylation (SLP), involving conversion of a sulphite intermediate, via adenylyl sulphate, to sulphate (Hempfling & Vishniac, 1967 ; Kuenen, 1979; Kelly, 1982) . Consequently one would have predicted that the conversion of trithionate ( -0 3 S . S. SO?) to sulphate would have supported more SLP than that of thiosulphate (%.SO?), resulting in a higher growth yield on the former. That this was not observed throws some doubt on the importance of SLP in T . neapolitanus, although other data suggest that it does play a significant role in this organism (Kelly & Syrett, 1963) .
In contrast, at a fixed growth rate, T . acidophilus exhibited a higher yield (by 12.5%) on trithionate than thiosulphate (Table 2 ). This could indicate that SLP is significant in T. ucidophilus. If each sulphur atom of thiosulphate and trithionate passed through a phosphorylated intermediate, leading to synthesis of one ATP per sulphur atom, SLP would produce 3 ATP for trithionate and 2 ATP for thiosulphate oxidation. In addition, each substrate could generate up to 4 ATP by oxidative phosphorylation, assuming a P/O ratio of 1.0 (Kelly, 1982) . Energy conserved from trithionate could thus be about 17% greater than from thiosulphate, in agreement with the greater growth yield seen with trithionate. This interpretation must be viewed with some caution as it depends on yield data at only one growth rate. Tetrathionate oxidation requires 3.5 mol oxygen per mol converted to sulphate, indicating that energy available, and consequently growth yield, should be about 175% of that on thiosulphate or trithionate (in the absence of SLP). For T . neapolitanus the mean Y,,, for thiosulphate and trithionate was 8.8 g dry wt mol-I, indicating that the yield on tetrathionate should be 15.4, which is close to the actual value of 15.9 (Table l) , and again suggests little role for SLP. Again, this contrasts with T. acidophilus where at a single growth rate the yield on tetrathionate was more than double that on thiosulphate and was 1.79-1-93 times greater than that on trithionate (Table 2 ). This increases the likelihood that SLP is a significant part of the total energy-trapping process during the metabolism of soluble sulphur compounds by T.
acidophilus .
The maintenance coefficients (m) for the thiobacilli (Table 1 ) are similar to those previously found, being significantly higher for T. neapolitanus than for T. versutus or T. thiooxidans. No correlation between the magnitude of m and the Y,,, values can be deduced ( Table 1) and at this time no further conclusions about the significance of maintenance coefficients in thiobacilli can be drawn.
The yield values obtained for Thx. thiopara are by far the highest observed for any sulphuroxidizing chemolithoautotroph growing on thiosulphate and polythionates. The Y,,, of 22.8 g dry weight (mol thiosulphate)-l obtained at the optimum temperature of 72 "C is nearly three times greater than that of T. cersutus, double that of T. tepidarius (Wood & Kelly, 1986) and 55% greater than that of aerobic T. denitrijicans (Justin & Kelly, 1978) . Y,,, on trithionate was of the same order, or somewhat lower, as that on thiosulphate (Table l) , indicating little role for SLP in Thx. thiopara. Similarly, Y,,, for tetrathionate was about 66% higher than the mean value for thiosulphate and trithionate, in agreement with the relative amounts of oxygen required for oxidation of the respective substrates. It was observed that the carbon content of Thx. thiopara appeared lower (at about 29% of dry weight) than that of the thiobacilli, possibly indicating the presence of inorganic storage material in the bacteria, although this was not further tested. This observation means that growth yields in terms of carbon dioxide fixed are not so much greater than those of T. denitrlJicans and T. tepidarius as the dry weight data imply. Thermodynamically the free energy efficiency, based on carbon content, may be calculated at about 28%. This is similar to T. denitrijicans and can be explained energetically if the organism oxidizes its sulphur substrates with a P/O ratio of 2.0. Our data agree with some of those of Brannan & Caldwell (1983) but we cannot confirm their claim of a Y,,, of 41-4 g dry wt (mol thiosu1phate)-' at 65 "C. A closer examination of the data of Brannan (1981) shows that the chemostat yields actually obtained at 65 "C fell in the range 7.6-16.3 g mol-I, with considerable scatter of data points. Thus the highest observed value was only about 40% of the extrapolated Y,,, value. It must also be noted that the data were obtained from chemostats limited by only 4mM-thiosulphate (Brannan, 1981) , meaning that actual steady-state biomass levels were maximally about 65 mg dry weight of organisms I-'. We must conclude that this high value claimed by Brannan (1981) is in error. Even with a carbon content of only 29% of the dry weight, a Y,,, of 41.4 represents a thermodynamic efficiency of 537; and would require the organism to generate more than 8 ATP per mol thiosulphate oxidized for energetic purposes (other than NAD+ reduction) or to have no requirement for an energy-dependent N AD+ reduction system, as seems obligatory in the sulphur chemolithotrophs. On these grounds a Y,,, of 41.4 seems untenable.
It is clear that the ability to use polythionates as well as thiosulphate is widespread among the sulphur-oxidizing chemolithotrophs and that comparative growth yields are some aid to the analysis of energetic systems in bacteria. It is also clear that one must be careful to indicate in such interpretations a full analysis of the carbon content of the organism involved and not solely the production of biomass as dry weight alone.
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